The electrochemical activities of PbO2 thin-film electrodes were systematically studied with an oxygen-transfer reaction, i.e., the oxidation of thiourea. Five different types of PbO2 film electrodes were prepared using various methods to investigate the influence of the interfacial oxide layer formed between the Ti substrate and the PbO2 layer contacting the electrolyte. Among the electrodes tested, PbO2 electrode prepared by minimizing the formation of the interfacial oxide by either the electrochemical or thermal decomposition method generally exhibited better electrochemical activity. From the results, it can be inferred that the enhanced electrochemical activity of the electrode is due to minimization of the interfacial resistance by the introduction of a metallic Pb layer between the Ti substrate and the PbO2 layer, and to an increase in the roughness on the surface of the PbO2 layer.
Introduction
Metal oxide electrodes, such as PbO2, SnO2, CeO2, and TiO2, [1] [2] [3] [4] [5] with good activity and stability at high anodic potentials are of interest because of their utilization for the electrochemical synthesis of various chemicals used in the chemical industry, and for the transformation of hazardous pollutants into less toxic compounds by electrochemical methods. [6] [7] [8] Electrodes made of lead dioxide (PbO2) are of prime importance, because this material is itself a strong oxidant, can be used as an anode in the form of a thin film, which is less expensive than noble metals, and is chemically stable in corrosive media. The high electrocatalytic activity for oxygen-transfer reactions at the PbO2 electrode has been observed, especially for the oxidation of sulfur compounds. For example, thiourea can be oxidized at the transport-limited rate to sulfate plus other products. Also, thin-film electrodes made of PbO2 are widely used for the generation of ozone, the electrochemical conversion of organic contaminations in effluents, electrochemical sensors and electrosynthesis. [9] [10] [11] [12] The electrochemical activity, selectivity and chemical or mechanical stability of the PbO2 film can be enhanced by mixing it with or incorporating metal oxides of different valence states. In our laboratory, the electrochemical properties of PbO2 films prepared by either electrochemical deposition or thermal decomposition of the relevant precursors on various substrate electrodes have been studied for many years.
Whenever PbO2 films are prepared on metal substrates by any means, it is difficult to avoid producing metal oxides between the substrate and the PbO2 films because electrical or heat energy applied during the preparation of the thin film provides an environment to produce the oxidized layer of the substrate electrodes before the final target films of PbO2 are produced. 13, 14 For example, we observed a decrease in the electrochemical activities of PbO2 films electroplated on gold or platinum substrates, which was mainly attributed to the resistance of the interlayer of gold oxides and platinum oxides simultaneously formed during the electrochemical deposition or thermal decomposition processes during the formation of the PbO2 film. 15 This is a systematic approach for the first time to prepare PbO2 film electrodes by various methods on a Ti substrate to improve their electrochemical activities and to investigate the influence of the interfacial oxide layer formed between the substrate electrode and the PbO2 layer on the electrochemical activity of the PbO2 film, which has not been reported anywhere.
experimental
All chemicals and materials were obtained from Sigma Aldrich Chemical Co. Solutions were prepared with water deionized by a Millipore Milli-Q system (19.2 MΩ cm -1 ). Lead dioxide (PbO2) film electrodes were prepared by five different methods on Ti substrates in order to obtain a well-controlled interface. Figure 1 shows a schematic of the various methods used to prepare five different types of PbO2 electrodes. The Ti electrode for the electrochemical deposition of a metallic Pb layer or PbO2 layer was polished with 0.3 µm alumina powder on a microcloth from Buehler Co. For the thermal-decomposition process, the Ti electrode was scratched with 1200-grade emery paper for a better adhesion of any other layer to be attached. All surfaces of the electrode were tightly wrapped with Teflon tape, except the surface contacting the electrolyte. As the first method, PbO2 was directly prepared by applying a constant anodic potential of 1.6 V to the Ti substrate (diameter = 6 mm, Aldrich Co., 99.99%) in 0.1 M HClO4 containing Pb(II) ions. The electrode prepared by the first method is described as the Ti/TiO2/PbO2(E) type hereafter.
In order to minimize the formation of an interfacial oxide layer located beneath the PbO2 thin film, in the second method, a metallic Pb layer was formed on the Ti substrate before formation of the PbO2 film.
A Pb metal layer was electrochemically plated on the Ti substrate by applying a constant potential of -0.625 V in 0.1 M HClO4 containing Pb(II) ions, and a PbO2 layer was subsequently deposited on top of the lead metal layer by applying a constant potential of 1.6 V in a solution containing Pb(II) ions. The electrode prepared by the second method is described as the Ti/Pb(E)/PbO2(E) type. As third method, a PbO2 layer was prepared by thermal decomposition method involving the repeated air-spraying Pb(NO3)2 solution on a Ti rod substrate and heating at 500 C. Then, the oxide film was converted into a PbO2 film by applying an anodic potential of 1.6 V in 0.1 M H2SO4. The electrode prepared by the third method is described as the Ti/TiO2/PbO2(T,E) type. The electrochemical oxidation of lead monoxide (PbO) is necessary to obtain the PbO2 film, because the final product after the heat-treatment process is almost lead monoxide. The perchloric acidic media, which is used in the deposition of the metallic Pb layer, cannot be used in the oxidation of PbO due to severe dissolution of the PbO layer at the applied potential. To avoid the formation of a titanium oxide layer during the formation of the PbO by thermal decomposition, we tried (the fourth method) to form the Pb metal layer firstly by an electrochemical method, and subsequently to form the PbO2 layer by thermal decomposition and electrochemical conversion, as in the third method. The electrode prepared by the fourth method is described as the Ti/Pb(E)/PbO2(T,E) type. By comparing the electrochemical activities of the PbO2 electrodes obtained by the third and fourth methods, the influence of the interlayer of titanium oxides, including TiO2, on the electrochemical activity of the PbO2 film can be identified.
Finally, in the fifth method, the electrochemical formation of a metallic Pb layer on the Ti substrate was achieved by applying a potential of -0.625 V, and subsequently the Pb layer was directly oxidized to PbO2 film by applying a potential of 1.6 V in a 0.1 M H2SO4 solution for the same reason as that described above. The electrode prepared by the fifth method is described as the Ti/Pb(E), PbO2(E) type.
The electrochemical activities of the PbO2 film electrodes prepared by the various controlled processes were estimated by measuring the anodic current required for the oxidation of thiourea. Cyclic voltammetric measurements were made by a potentiostat/galvanostat (Model AFRDE4; Pine Inst. Co.) with a conventional three-electrode cell. A silver-silver chloride (Ag/AgCl (3 M NaCl)) electrode and a Pt wire electrode were used as the reference and counter electrodes, respectively. The rotation velocity of the working electrode was controlled by a speed controller (Model MSR speed controller; Pine Inst. Co.).
The surface morphologies of the PbO2 film electrodes were investigated by field emission scanning electron microscopy (FESEM, LEO SUPRA 55; Carl Zeiss, Germany GENESIS 2000). The X-ray diffraction (XRD) patterns of all the PbO2 films were obtained by an X-ray diffractometer (XRD, Model M18XHF-SRA; Mac Science, Japan).
Results and Discussion
The first method described in the experimental section ( Fig. 1(a) ) is the well-established conventional way to prepare PbO2 film electrodes by the electrochemical method, in which, an oxidation potential is applied to the substrate electrode, in this case, the Ti electrode, dipped in a solution of Pb(II) ions. By applying an anodic potential to the Ti electrode, it first forms an oxide layer of the substrate electrode, i.e., TiO2 as well as a PbO2 deposition layer. The dielectric TiO2 layer formed at the interface would increase the resistance of the electrode, itself. In order to minimize the interfacial resistance by inhibiting the formation of TiO2, a metallic Pb layer was firstly electrodeposited on the metal Ti substrate by applying a cathodic potential of -0.625 V before the final deposition of the PbO2 layer. It is believed that scarcely any titanium oxides are formed at this negative potential, so that the formation of an unwanted oxide layer on the Ti substrate can be avoided. Later, the PbO2 film can be prepared by the electrochemical method or thermal decomposition method on top of the metallic Pb layer, which is already formed on the Ti substrate in the first step.
It is inevitable that the oxide layer on the Ti substrate electrode is formed before all of the surface is covered with PbO2 crystals. The applied potential of 1.6 V vs. SCE is high enough to form titanium oxides instantaneously, in addition to the formation of PbO2. It is also generally accepted that the larger is the surface of an oxide electrode, the higher is its electrochemical activity, because of the greater number active sites available for electrochemical reactions. Figure 2 shows surface SEM images of the PbO2 film electrodes prepared under various conditions. From Fig. 2 , it is believed that the surface area of PbO2 prepared by the thermal decomposition methods is much larger than that of PbO2 obtained by the electrochemical methods. Therefore, a PbO2 electrode showing the maximum electrochemical activity should be able to obtain by a combination of these two methods, i.e., the plating of a metallic Pb layer on the Ti substrate by applying a negative potential and the subsequent formation of thermally stable lead oxide, possibly PbO, on top of the lead metal layer by thermal decomposition. Finally, it is necessary to covert the lead oxide on the surface into PbO2 by an electrochemical method.
The analysis of X-ray diffraction patterns of the PbO2 obtained under the various experimental conditions indicates that the composition of the PbO2 film prepared by the electrochemical mean is mainly the β-PbO2, as confirmed by the JCPDS data shown in Fig. 3 . However, α-PbO and α-PbO2 were also found with relatively weaker peak intensities, presumably due to their existence in trace amounts in the matrix of the main β-PbO2. These components would be expected to appear, since the electrochemical conversion to PbO2 would not be fully achieved in the bulk phase, because the electrolyte cannot fully penetrate into the film electrode due to the rather long distance from the surface.
The voltammetric responses of 1 mM thiourea at PbO2 film electrodes prepared by the various methods are shown in Fig. 4 . It can be seen that the Ti/Pb(E)/PbO2(T,E) electrode prepared by the combination of the electrochemical and thermal decomposition methods shows the highest anodic current for the oxidation of thiourea. The cyclic voltammograms of thiourea at the various PbO2 film electrodes were similar to each other. The current plateau indicates that the oxidation reaction takes place at almost the mass-transport limited rate in the applied potential range.
With the various PbO2 film electrodes, the anodic current for the oxidation of thiourea was measured with the rotation speed of the electrode being 100, 200, 400, 900, 1600, and 2500 rpm. From the anodic currents measured with the rotation speeds of . The values of the apparent numbers of electrons transferred (napp, eq mol -1 ) were able to be estimated from the slopes of the plots. Also, the values of the apparent heterogeneous rate constant (kapp, cm s -1 ) for the oxidation of thiourea were estimated from the intercepts of the plots using the napp values calculated from the slopes of the same plots. The estimated values of napp and kapp for the oxidation of thiourea at the various PbO2 film electrodes are listed in Table 1 . The values of kapp for the oxidation of thiourea at the conventional PbO2 film electrodes prepared by the electrochemical method and at the PbO2 film electrode prepared by the combination of the two methods were 3.91 × 10 -3 and 34.4 × 10 -3 eq mol -1 , respectively. The values of napp given in Table 1 are considered to be in good agreement with the predicted value of ntot = 8. One possible mechanism for the electrochemical oxidation of the thiourea at a platinum electrode was suggested in a previous study:
-Sads + 4H2O → HSO4 -+ 7H + + 6e. 
8.1 ± 0.6 9.8 ± 1.5 8.3 ± 0.9 9.7 ± 2.3 8.5 ± 0. The values were calculated from the slopes and intercepts of the Koutecký-Levich plots. The anodic currents were measured at a potential of 1.5 V.
The authors of this report proposed that dithiodiformadinium ions are produced in the initial oxidation step involving 2 electrons, and that the adsorbed dithiodiformadinium ions are further oxidized into sulfates and hydrogen sulfates in subsequent steps involving 6 more electrons through the sulfur species (-Sads) adsorbed at the electrode surface. Therefore, the total number of electrons involved would be eight. From an analysis of Figs. 4 and 5, we believe that the Ti/Pb(E)/PbO2(T,E) electrode prepared by the combination of the two methods shows the highest electrochemical activity for the oxidation of thiourea. Although it is difficult to estimate the roughness factor of each electrode without measuring the real surface area, the relative surface roughness factors can be estimated by comparing the kapp values, because the kapp value of each electrode reflects the real active surface area for an electron-transfer reaction. If the average value of kapp for the Ti/TiO2/PbO2(E) and Ti/Pb(E)/ PbO2(E) electrodes is set to be 1.00 as a reference, then relative roughness factor would be 1.67 for Ti/TiO2/PbO2(T,E), 2.76 for Ti/Pb(E), PbO2(E) and 8.98 for Ti/Pb(E)/PbO2(T,E). The electrochemical impedance spectra for the oxidation of thiourea at the PbO2 film electrodes prepared by the various methods were measured in a high-frequency region (≥0.1 Hz) of AC perturbation on top of a DC potential. The plots in the complex-plane (Nyquist plots) of the impedance data obtained at a constant potential of 1.5 V are shown in Fig. 6 . From these Nyquist plots, we were able to calculate the value of the charge transfer resistance and the solution resistance by using an equation,
where Z is the impedance, ω the angular frequency and Rsoln and Rct the solution resistance and the charge-transfer resistance at the oxide/solution interface, respectively. The Rsoln and Rct values of the anodic oxidation of thiourea at the PbO2 film electrodes are listed in Table 2 . It is noted that the values of Rct at the PbO2 film electrodes decreased when the metallic Pb layer was electrochemically deposited on the Ti substrate before formation of the PbO2 film by both the electrochemical and thermal decomposition methods. The values of Rct at the PbO2 film electrodes prepared by the electrochemical methods by plating without and with the metallic Pb layer are 74.0 and 10.2 Ω, respectively. On the other hand, the values of Rct at the PbO2 film electrodes prepared by the thermal-decomposition methods by plating without and with the metallic Pb layer were 32.9 and 18.9 Ω, respectively. It is clear that the charge-transfer resistance, Rct, for the oxidation of thiourea at the electrodes is significantly decreased in the presence of the metallic Pb layer in both cases. The higher charge-transfer resistances of the electrochemically prepared PbO2 films than those of the thermally prepared PbO2 films would come from the compact formation of more uniform and denser crystals by the former method, as evidenced by the SEM images shown in Fig. 2 .
In conclusion, these results indicate that the enhancement of the electrochemical activity is due to a decrease in the interfacial resistance afforded by the introduction of a metallic Pb layer between the PbO2 layer and the substrate electrode, and to the increase in the surface area afforded by the enhancement of the surface roughness in the case of the thermal-decomposition method. Furthermore, the better adhesion of the PbO2 crystals to the metallic Pb layer than to the titanium oxide layer is to be expected, because the metal oxide is able to be formed more readily on top of the corresponding metal layer.
Conclusions
We demonstrated that the electrochemical activity of the PbO2 thin film electrodes for the oxidation of thiourea is dependent on the fabrication method, which controls the surface roughness, the adhesiveness of the oxide film and the interfacial resistance between the substrate electrode and the target PbO2 films. It turns out that the electrochemical activity of the PbO2 film electrode prepared by a method, in which the metallic Pb layer is plated on the Ti substrate electrode by the electrochemical method and the lead oxide layer is subsequently formed on top of the metallic Pb layer by thermal decomposition and, finally, the lead oxide layer is converted into PbO2 film by the electrochemical method, is much better than those of the PbO2 film electrodes prepared by any of the other methods. With this procedure, the formation of an oxide layer of the substrate electrode at the interface can be minimized and a larger surface area can be obtained. In general, minimizing the interfacial oxide layers by an electrochemical treatment and increasing the surface roughness by thermal decomposition allows for an enhancement of the electrochemical activity of the PbO2 thin film electrodes. The combination of these two strategies shows the best synergetic effect to enhance the electrochemical activity of the thin PbO2 films. This method can be applied to obtain oxide film electrodes prepared on a substrate electrode if any oxide layer of the substrate electrode is formed before the formation of electroactive oxide films. DC potential applied, 1.5 V; AC frequency range, 100 mHz -100 kHz. Solution, 1.0 mM thiourea in 0.1 M HClO4.
